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Abstract:
This report describes a new welding-based solution that significantly increases the rotation
capacity of a stiffened welded knee joint between DuraGal C450 RHS under opening
moment. The proposed solution is more economical than the use of internal sleeves, and can
be applied to new as well as existing structures. The solution involves the use of extra layers
of weld on the inner (tension) flange of a stiffened welded knee joint. Laboratory test results
are presented to demonstrate that the solution enables such a joint between DuraGal C450
150 × 50 × 4 or 150 × 50 × 5 RHS to satisfy the rotation capacity requirement specified for
plastic design of steel frames. A number of factors that may contribute to the lack of rotation
capacity of a normally welded stiffened knee joint are discussed. The reasons why the new
solution results in increased rotation capacities are explained in terms of strain redistribution
and strain reduction in the tensile regions around the knee joints. It is shown through
experimental tests and finite element analyses that the most important parameter of the
proposed solution is the width of the extra layers of weld. Although the presence of the seam
weld in the inner flange results in a significantly reduced rotation capacity, the proposed
solution still ensures an adequate rotation capacity for a stiffened welded knee joint between
DuraGal 150 × 50 × 5 RHS. This report also discusses an appropriate definition for the
rotation capacity of a knee joint under opening moment, including the plastic moment to be
used in measuring the rotation capacity.

Keywords: cold-formed steel, ductility, hollow sections, plastic design, rotation capacity,
welded joints
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Introduction

There are two well-established design methods for steel frames that have been practised for
several decades, namely the elastic design method and the plastic design method (Heyman
1957, Fritz 1965). By far, the elastic design method is the more widely used due to the
restrictions placed on the alternative, to the relative ease of elastic analysis, and sometimes to
the serviceability limit state design which overrides the benefit of plastic design. However,
provided that deflection limits are not a concern, the plastic design method is more
economical for steel frames which resist their loads primarily by flexure and which fail
through a plastic collapse mechanism after a sufficient number of plastic hinges have formed
in the frames. In the elastic design method, the load capacity of such a frame is limited by the
occurrence of either the first yield or the first plastic hinge in any member of the frame. Steel
frames that may benefit from the plastic design method include portal frames commonly used
in warehouses, garages and farm sheds.
Until recently, the plastic collapse mechanisms of full scale steel frames predicted by the rigid
plastic analysis method had been verified by laboratory tests on frames composed of hotrolled I-sections only (Baker & Roderick 1952, Baker & Eickhoff 1956). The Australian steel
structures design standard AS 4100 (SA 1998) restricts the plastic design method to frames
composed of hot-rolled I-sections, and therefore does not permit the plastic design of frames
composed of rectangular hollow sections. This situation is unfortunate as a plastic design
using rectangular hollow sections (RHS) may be more economical than that using hot-rolled
I-sections for a number of reasons including the high torsional rigidity of tubular sections.
As described in the next section, a key requirement for the plastic design of a frame is the
ability of the members in which the first plastic hinges form to sustain localised rotations so
that any additional bending moments can be redistributed to other members which then form a
sufficient number of plastic hinges for the plastic collapse mechanism to occur. By “sustain”,
it is meant that the bending moment at the plastic hinge must not fall below the plastic
moment during the hinge rotation. In the absence of member lateral buckling, either local
buckling of the compression element or fracture of the tension element at the plastic hinge
causes the bending moment to (eventually) fall below the plastic moment. In addition to the
forementioned requirement, the steel material must exhibit a strain hardening capability (Lay
& Smith 1965, Hrennikoff 1965). These requirements are addressed somewhat indirectly in
steel design standards such as AS 4100 (SA 1998) by specifying the section slenderness limit,
the minimum length of the yield plateau, the minimum elongation at fracture, and the
minimum ratio of ultimate tensile strength to yield stress, plus the restriction to hot-rolled Isections as mentioned previously.
Laboratory tests by Wilkinson (1999) on gable frames composed of cold-formed RHS
members have shown that a plastic collapse mechanism could form in each of the frames even
though the members do not satisfy the material ductility requirements specified for plastic
design. Two of the tested frames were composed of DuraGal C450 150 × 50 × 4 RHS, which
has been shown through four-point beam bending tests to have a rotation capacity deemed
adequate for plastic design (Wilkinson & Hancock 1998). Nevertheless, internal sleeves had
to be used to prevent premature fracture under opening moment of the welded knee joints of
the frames, as illustrated in Fig. 1.
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Fig. 1 Use of internal sleeves in a welded knee joint (after Wilkinson 1999)
Laboratory tests on welded knee joints between DuraGal C450 150 × 50 × 4 RHS under
opening moment have indicated that such joints do not possess adequate rotation capacity due
to premature fracture of the heat-affected-zone in the corners of the rectangular hollow
sections (Wilkinson & Hancock 2000a). The DuraGal material, which is in-line galvanised
steel, is particularly susceptible to weakening of the heat-affected-zone as its elevated strength
is gained through cold-forming and thermo-mechanical processes. In fact, Wilkinson &
Hancock (2000b) found that in some instances the ultimate tensile stress of the heat-affectedzone was lower than the yield stress of the parent material. This finding indicates that the
plastic moment (computed using the actual yield stress of the parent material) may not be
reached in a welded knee joint between the DuraGal sections.
Although the use of the internal sleeves illustrated in Fig. 1 provides a satisfactory solution
from the technical viewpoint, a more economical solution is desirable as the internal sleeves
may be impractical to use. The primary aim of the present work is to devise a more
economical solution that allows a stiffened welded knee joint under opening moment to
achieve a significantly greater rotation capacity than those found by Wilkinson & Hancock
(2000a). Unstiffened welded knee joints are not investigated as stiffening plates are often
required to ensure that the plastic moment capacity can be achieved (Mang et al. 1980,
Wilkinson & Hancock 2000a). Figure 2 depicts a stiffened and an unstiffened welded knee
joints.
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Two legs welded directly
together

(a) Stiffened welded connection

(b) Unstiffened welded connection

Fig. 2 Stiffened and unstiffened welded knee joints (after Wilkinson 1999)
Although the definition of rotation capacity adopted in the present work, given in the next
section, differs from the traditional definition based on curvature, the target rotation capacity
R set for the present work is 3, which coincides with the plastic design requirement of
Eurocode 3 (CEN 1993). This target rotation capacity is also the basis of the plastic design
requirements specified in AISC LRFD Specification (AISC 2000a). However, efforts are
made to achieve a rotation capacity of R = 4, as this is the plastic design requirement
suggested by Korol & Hudoba (1972) for tubular sections, and is the basis of the slenderness
limits for C450 RHS investigated by Zhao & Hancock (1991).
This report describes two attempts to increase the rotation capacity of stiffened welded knee
joints between DuraGal C450 150 × 50 × 4 and 150 × 50 × 5 RHS. The rationale behind each
attempt is explained with reference to the factors contributing to the lack of rotation capacity.

2

Rotation capacity and plastic moment

A plastic hinge which can freely rotate under a constant bending moment and in which the
curvature is infinite is only a theoretical assumption of the rigid plastic analysis method. This
theoretical plastic hinge is actually a localised plastic zone where the curvatures are very high,
as illustrated in Fig. 3. The filled area of the beam in Fig. 3 represents the yielded zone.
Although in reality the material along the neutral axis will never yield, and there is no actual
plastic hinge, the rigid plastic analysis method is able to predict the ultimate load capacity
(based on excessive deformations due to the plastic collapse mechanism) of the simply
supported beam with high accuracy. In fact, the rigid plastic analysis method is also able to
predict the load at which a plastic collapse mechanism will form in a structure that has
rotational restraints at the member ends, such as the built-in beam depicted in Fig. 4.
However, as shown in Fig. 4, for the assumed plastic collapse mechanism to occur, the first
plastic hinge at support A must be able to undergo a certain amount of rotation while
maintaining the plastic moment Mp so that plastic hinges can also form at the loading point
and the other support. As shown in Fig. 4, the ultimate load Pu of the built-in beam is a
function of the plastic moment Mp. This is the fundamental of the plastic design method. The
suitability of a steel section for use in the plastic design of frames is usually assessed by its
rotational capacity.
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Fig. 3 Idealisation of localised plastic zone as plastic hinge (after Wilkinson 1999)
Since the rotation of a plastic hinge is related to the change in the maximum curvature of the
plastic zone during the member plastic deformation, the rotation capacity R of a structural
section is often defined as
R=

κ1
−1
κp

(1)

in which κ1 is the curvature at which the bending moment at the plastic hinge drops below
the plastic moment Mp, and κ p is the curvature at which the plastic moment is first reached
(computed using the assumption of linear elastic behaviour). This well-established definition
is illustrated in Fig. 5, where the normalised bending moment M / M p is plotted against the
normalised curvature κ / κ p . The definition of κ p is discussed later in this section.
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Fig. 4 Rigid plastic collapse mechanism (after Wilkinson 1999)
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Fig. 5 Rotation capacity as defined in Equation (1)
In laboratory tests, the normalised curvature κ / κ p at a particular point can often be obtained
using electronic strain gauges as the ratio of the instantaneous strain ε to the strain εp at which
the plastic hinge forms. However, there are two limitations associated with the use of strain
gauges to determine the normalised curvature κ / κ p . Firstly, in the event of local buckling,
the strains in the vicinity of the local buckle may decrease even though the hinge rotation
increases as the load is being shed. For beams under uniform bending, the normalised
curvature κ / κ p can be measured geometrically as illustrated in Fig. 6. Figure 7 compares the
two methods for determining the normalised curvature κ / κ p . Unfortunately, this solution
cannot be applied to other cases such as the knee joint arrangement tested in the present work
(see Appendix I). Secondly, strain gauges such as those used in some of the specimens tested
in the present work have a fairly limited range. It was found that the strain readings became
spurious well before the ultimate moment capacity was reached, even though the strains were
placed at some distance from the location of maximum bending moment, as shown in Fig. 8.
In order to circumvent the difficulties in measuring the rotation capacity defined in Equation
(1), Wilkinson & Hancock (2000a) proposed an alternative definition for welded knee joints
under closing moment:
R=

α1 − α 0
−1
αp − α0

(2)

in which α1 is the angle between the straight chords of the two connected members when the
bending moment at the plastic hinge drops below the plastic moment Mp, α 0 is the initial
angle in the unloaded state, and α p is the angle when the plastic moment is first reached
(computed using the assumption of linear elastic behaviour). The initial angle α 0 is depicted
in Fig. 9(a).
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Fig. 6 Curvature as a function of beam deflection (after Wilkinson 1999)
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Fig. 7 Incorrect measurement of curvature using strain gauges (after Wilkinson 1999)
For a welded knee joint under opening moment, Wilkinson & Hancock (2000a) replace the
angle α1 in Equation (2) with the angle when fracture occurs (which for the compact RHS
coincides with the ultimate bending moment). Such a definition of rotation capacity may be
appropriate for the stiffened welded knee joints tested by Wilkinson & Hancock (2000a), each
of which underwent a precipitous drop from the ultimate moment to approximately the plastic
moment, after which the rate of moment shedding decreases as fracture propagates into the
web. However, the “successful” knee joints tested in the present work, which fractured in the
tension flanges, underwent significant additional rotations before the bending moments
dropped below the plastic moment. The rotation capacity defined in Equation (2) is therefore
adopted in the present work.
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strain gauge

Fig. 8 Strain gauge placed at some distance from maximum bending moment
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(a) Undisplaced

(b) Displaced at any load

Fig. 9 Definitions of angles between connected members (Wilkinson 1999)
In light of the definition of rotation capacity adopted in the present work, the commentaries to
Clause B5 of the AISC LRFD Specification (AISC 2000b) and to Clause 5.2.3 of AS 4100
(SA 1999) are discussed here. The commentary to the AISC LRFD Specification states that
“compact sections are capable of developing a fully plastic stress distribution and they possess
a rotational capacity of approximately 3 before the onset of local buckling”. However, local
buckling does not have a terminal role in determining the rotation capacity of a section. For
example, the rotation capacity shown in Fig. 7, as defined in Equation (1) and Fig. 5, is
approximately 7.7 since the normalised curvature κ1 / κ p is equal to 8.7, not 7.8 at which
local buckling occurs.
Similarly, the commentary to AS 4100 states that “Compact sections are those for which the
full plastic moment can be reached and maintained until a plastic collapse mechanism
develops, without any local buckling effects”. Such a definition of compact sections may have
been the basis of the section slenderness limits specified in Clause 5.2 of the Australian steel
structures standard, but should not be used to determine the rotation capacity of a section. It is
incorrect to think that once local buckling or fracture occurs, the section immediately loses its
capacity to carry the plastic moment Mp and the plastic collapse mechanism cannot take place.
Figure 7 and the laboratory test results discussed in Section 9 demonstrate that there are often
additional rotations following local buckling or fracture before the bending moments drop
Department of Civil Engineering
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below the corresponding plastic moments. For certain I-sections with very large rotation
capacities, local buckling may even take place well before the respective ultimate bending
moments are reached owing to strain hardening (Lukey & Adams 1969). Of course, after local
buckling or fracture, the bending moment will eventually drop below the plastic moment as
the hinge continues to rotate.
The measurement of a rotation capacity, whether based on Equation (1) or (2), is affected by
the determination of the plastic moment Mp. Strictly speaking, a plastic moment is the
bending moment that results in complete plasticisation of a cross-section (neglecting the
limiting condition that the material surrounding the neutral axis will never yield under flexure
alone). For a homogeneous section with elastic-perfectly plastic material, the plastic moment
is equal to the product of the plastic section modulus and the yield stress. If the actual yield
stress of such a section is available, then the actual plastic moment can be computed readily.
Unfortunately, this situation is not true for a cold-formed RHS. It is well known that the yield
stresses of the web, the flange and the corner of a cold-formed RHS differ significantly from
each other (Key & Hancock 1985, Wilkinson 1999). However, as explained in the following
paragraphs, there are a number of reasons why an accurate measurement of the actual plastic
moment of a DuraGal C450 RHS is neither necessary nor meaningful in the context of
assessing its suitability for plastic design.
As shown in Fig. 5, a rotation capacity is not measured from the instance the theoretical
plastic moment Mp is first reached, but from the instance the curvature
κp =

Mp
EI

(3)

is reached. For the specimen for which the test result is plotted in Fig. 7, the curvature κ p is
reached when the bending moment is about 85% of the theoretical plastic moment Mp.
Obviously, the actual bending moment corresponding to the curvature κ p , expressed as a
percentage of the plastic moment Mp, varies from section to section depending on the shape
factor and the residual stresses. The concept of rotation capacity is invented to provide a
convenient means of ensuring the suitability of a steel section for plastic design, and the
minimum rotation capacities required in steel design standards around the world are at best
“rules of thumb” rather than “exact science”.
For the purpose of determining the capacity factor to be used in computing, say, the design
moment capacity of a section, it is usually necessary to use the actual yield stress in predicting
the section moment capacity of each specimen tested in the experiment. In a reliability
analysis based on the First Order Second Moment method (Ravindra & Galambos 1978), the
mean ratio of actual capacity to nominal capacity of a certain structural component at large is
computed as
Rm = M m Fm Pm

(4)

in which Mm is the mean ratio of actual material strength to nominal material strength, Fm is
the mean ratio of actual geometric property to nominal geometric property, and Pm is the
mean ratio of actual capacity to predicted capacity of the samples included in the reliability
analysis. For Equation (4) to be valid, the predicted capacity of a sample should be computed
using its actual material strength and actual geometric property. However, this situation does
not apply to the rotation capacity of a section as there is no linear nor any direct relationship
Department of Civil Engineering
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between the rotation capacity of a section and its yield stress. The rotation capacity of a
section depends on its compactness, its material ductility and the member resistance to lateral
buckling. There is an indirect and inverse relationship in that the higher the yield stress, the
less compact the section tends to be. In fact, the higher the yield stress (and therefore, the
plastic moment) is considered to be, the lower the rotation capacity is as defined in Fig. 5.
Therefore, the rotation capacity of a section is more akin to the yield stress (which is often
measured as the 0.2% proof stress) than it is to the section moment capacity in that it is a
defined property rather than a structural capacity.
The definition of a rotation capacity, as expressed by either Equation (1) or (2), should not be
interpreted to require that the plastic moment Mp used in the experimental study be the actual
plastic moment that causes complete plasticisation of the section. The reliability of the plastic
design method depends on the amount of rotation between the attainment of the assumed
plastic moment Mp, in terms of which the design load capacity is expressed, and the point at
which the bending moment drops below Mp. It does not depend on the actual plastic rotation.
For the purpose of determining the rotation capacity of a specimen tested in the present work,
the plastic moment Mp is computed as the product of the nominal plastic section modulus and
the nominal yield stress of 450 MPa, as this is the value that will be used in the plastic design.
It can be argued that the capacity factor of 0.9 specified in Clause 5.1 of AS 4100 (SA 1998)
for the section moment capacity should be applied here, resulting in a greater measured
rotation capacity. However, for the sake of conservatism, the capacity factor is neglected.
The nominal plastic moments of 150 × 50 × 4 and 150 × 50 × 5 C450 RHS are 29.4 kNm and
35.5 kNm, respectively. These are the values against which the bending moments of the
specimens tested in the present work are normalised.
Irrespective of the adopted definitions of rotation capacity and plastic moment, it is clear that,
for a stiffened welded knee joint between compact RHS under opening moment, a critical
factor is the ductility of the most tensioned region including the corners where fractures have
been found to be initiated (Wilkinson & Hancock 2000a). This line of thinking led to the
earlier research efforts to investigate the material ductility of the welded DuraGal C450 steel
(Wilkinson & Hancock 2000b), and to relieve the welding residual stresses as discussed in the
next two sections.

3

Orthogonal welding residual stresses

Figure 10 illustrates how residual stresses form in a welded joint. Imagine two steel plates of
the same length are butt welded together as depicted in Fig. 10(a). Immediately after welding,
the weld and the surrounding plate material are very hot while the remainder of the plates is
cold. If the plates and the weld were separate, the weld would shrink as it cools down to the
ambient temperature, as illustrated in Fig. 10(b). In reality, the weld is restrained by the
adjacent plates from shrinking as shown in Fig. 10(c). This restraint results in longitudinal
tensile stresses in the weld and compressive stresses in the plates, as plotted in Fig. 10(d).
Close to the weld, the longitudinal residual stresses may reach the yield stress of the plate
material.
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Fig. 10 Welding residual stresses (after Gurney 1979)
The welding residual stresses around a fillet welded joint are of the same form as those
around a butt welded joint. For the stiffened welded knee joints between RHS investigated in
the present work, which have a combination of butt and fillet welds, the longitudinal welding
residual stresses are orthogonal to the applied bending stresses. Some welding experts
(Blodgett 1995, Zhang & Dong 2000) believe that the presence of high residual stresses
orthogonal to the primary applied stresses restricts yielding of the material around the welded
joint. This point is best elucidated by means of the Mohr’s circle for plane stress, which is
described in many standard textbooks on the mechanics of materials (Gere & Timoshenko
1991).
It can be seen from the Mohr’s circle shown in Fig. 11 that for a normal tension coupon,
which is loaded in one direction only ( σ1 = σ applied , σ 2 = 0) , the maximum shear stress is
equal to half the applied tensile stress. This maximum shear stress τ max , which acts in a plane
inclined at θ = 45 o , is responsible for the plastic behaviour (yielding) of the tension coupon.
The critical shear stress τ cr at which yielding starts is of course half the normal yield stress
σ y obtained from the tension coupon. Between the attainment of the critical shear stress and
fracture of the coupon at σ1 = σ f , plastic (and elastic) deformation takes place as annotated in
Fig. 11.
However, if the orthogonal stress σ 2 is not zero, a different picture will emerge. Figure 12
shows the Mohr’s circle with σ 2 = σ r = 0.6 σ y , where σ r represents the welding residual
stress orthogonal to the applied stress σ1 . It can be seen that even if the true ultimate stress
σ f is 40% higher than the normal yield stress σ y , the maximum shear stress τ max can never
reach the critical shear stress τ cr , which is equal to half the yield stress σ y . At fracture, the
maximum shear stress τ max is only 0.4 times σ y . Therefore, the material fails in a brittle
manner without yielding at all.
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τ shear
Inelastic deformation

τ cr = 0.5 σ y

2θ = 90°
σ2 = 0

σ1 = σ y

σ1 = σ f

σnormal

Fig. 11 Mohr’s circle for plane stress of a normal tension coupon
τ shear
0.4 σ y
0.2 σ y
2θ = 90°
σ1 = σ y

σ2 = σ r = 0.6 σ y

σ1 = σ f = 1.4 σ y

σnormal

Fig. 12 Mohr’s circle for plane stress of an orthogonally tensioned material
Given that longitudinal welding residual stresses can approach the yield stress of the welded
material, it is argued by Blodgett (1995) that fracture of a beam flange-to-column flange
connection in the weld or its vicinity is invariably brittle. In the context of seismic design, if
the beam or flexural member is composed of an I-section, a possible solution is to reduce the
beam section near the connection by cutting off some portion of the flanges so that this
section forms a plastic hinge before the connection fractures (Popov et al. 1998, Shi et al.
2001). However, this solution reduces the plastic moment capacity of the beam, and is not
applicable to tubular sections.
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Heat treatment in a furnace

The belief that welding residual stresses orthogonal to the applied tensile stresses cause the
brittle nature of fracture in welded moment connections (Blodgett 1995, Zhang & Dong
2000), as described in the preceding section, is not universally accepted. Khonsari (2001)
argued that the embrittlement effect of the welding process played a more important role than
the welding residual stresses in causing the brittle fracture of many welded moment
connections during the 1994 Northbridge earthquake in California, USA. What is known for
certain, is that the gas metal arc welding (GMAW) process does cause significant reduction in
both the tensile strength and the elongation at fracture of the 4-mm DuraGal C450 RHS steel
(Wilkinson & Hancock 2000b, Hancock et al. 2000).
In order to verify the effect of longitudinal welding residual stresses on the rotation capacity
of stiffened welded knee joints between DuraGal C450 RHS under opening moment, it was
decided to relieve these residual stresses without changing the mechanical properties of the
steel. There was a suggestion that this objective could be achieved by heating the welded knee
joint specimens up to 600 oC for half an hour in a furnace and cooling it to room temperature.
Five 150 × 50 × 4 RHS and five 150 × 50 × 5 RHS specimens were heat treated to
•
•
•
•
•

300 oC for 30 minutes
300 oC for 120 minutes
400 oC for 120 minutes
500 oC for 30 minutes
600 oC for 30 minutes

The heat treated specimens, all of which were stiffened welded knee joints, were then tested
under opening moment. For the purpose of comparison, untreated specimens were also tested.
The specimen configuration and the test arrangement are given in Appendix I. The welding
procedures used for the 4-mm and the 5-mm specimens discussed in this section are given in
Appendix II.
Figure 13 shows that the heat treatment has a significant effect on the rotation capacity of the
stiffened welded knee joints between DuraGal C450 150 × 50 × 4 RHS, which has a nominal
plastic moment Mp of 29.4 kNm. In particular, heat treating the specimens at 400 oC or above
increases the rotation capacity – the higher the temperature of heat treatment, the greater the
resulting rotation capacity. The specimen heat treated to 400 oC for 120 minutes had both its
rotation capacity and ultimate moment capacity increased.
The specimens heat treated to 300 oC for 30 and 120 minutes had slightly lower rotation
capacities but higher ultimate moments than the untreated specimen. Conversely, the two
specimens heat treated to 500 oC and 600 oC sustained noticeably lower bending moments at
the normalised rotation of about 3 compared to the untreated specimen. These results indicate
that the material properties of the 4-mm DuraGal C450 RHS might have been modified by
the heat treatment. The test results of the tension coupons cut from the parts of the specimens
which remained elastic in the knee joint tests, given in Appendix III, confirm the indication.
The objective of isolating the effect of longitudinal welding residual stresses on the rotation
capacity of the stiffened welded knee joints was therefore not achieved.
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Fig. 13 Test results of heat treated DuraGal C450 150 × 50 × 4 RHS specimens
Although the specimens heat treated to 500 oC and 600 oC had significantly greater rotation
capacities than the untreated specimen, these results have little practical value as the
DuraGal protective coating was visibly damaged. It is not feasible to heat treat the in-line
galvanised DuraGal tubular section prior to the coating application. Furthermore, the
specimen heat treated to 600 oC suffered a noticeable drop in the plastic moment capacity.
Figure 14 shows that the DuraGal C450 150 × 50 × 5 RHS specimens heat treated to 500 oC
and 600 oC, which have a nominal plastic moment Mp of 35.5 kNm, also had greater rotation
capacities and lower ultimate moment capacities than the untreated specimen (the knee joint
test of the specimen heat treated to 500 oC was not completed due to a sudden malfunction of
the hydraulic actuator). However, unlike the 4-mm specimens, there was essentially no
difference between the untreated specimen and those heat treated to 300 oC and 400 oC. No
further investigations were carried out as such heat treatment did not appear to be a feasible
solution.

Normalised Bending Moment
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untreated
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300C 30mins

0.6
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0.0
0
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Fig. 14 Test results of heat treated DuraGal C450 150 × 50 × 5 RHS specimens
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As a matter of clarification, the untreated knee joints experienced yielding earlier than those
heat treated to 500 oC and 600 oC as manifest in the more rounded curves. This phenomenon is
caused by the tube manufacturing residual stresses and the transverse welding residual
stresses in the untreated specimens, which were higher than those in the heat-treated
specimens.

5

Major factors contributing to the lack of rotation capacity

In addition to the orthogonal welding residual stresses described in Section 3, there are three
other known reasons for the lack of rotation capacity of a stiffened welded knee joint between
DuraGal C450 RHS. From the test results conducted by Wilkinson (1999) on stiffened
welded knee joints between DuraGal C350 and C450 RHS, the effect of orthogonal welding
residual stresses (which is common to both C350 and C450 RHS) appears to be relatively
minor as the C350 specimens had significantly greater rotation capacities than the C450
specimens. The results indicate that the factors described in the following paragraphs play a
more important role.
The first reason is that the highly cold-worked corner material of a cold-formed tube has
significantly reduced ductility compared to the flange material, as can be seen from Fig. 15
for certain tension coupons cut from DuraGal C450 150 × 50 × 4 RHS. The “opposite” curve
in the figure corresponds to a tension coupon cut from the flange that does not contain the
seam weld of the tubular section. The “adjacent” curves correspond to the two webs. It is the
material ductility and the strain level rather than the material strength and the stress level that
determine where fracture is initiated. It can be surmised from Fig. 15 that even if the
maximum strain of the flange is greater than that of the corner at the ultimate bending
moment, the corner may fracture before the flange (and before local buckling takes place in
certain sections). The smaller the fracture strain of the corner material is, the lower the
rotation capacity will be.
Opposite

700
600
500

Corner

400
300

Adjacent
Opposite
C o rn e r

200
100
0

Adjacent 1
Adjacent 2

seam ERW
0

0.05

0.10

0.15
Strain

0.20

0.25

R

Figure 15 Stress-strain curves of RHS faces
The second reason is that both the tensile strength and the elongation at fracture of the
welding heat-affected zone (HAZ) are significantly lower than those of the unwelded
DuraGal C450 tube material (Wilkinson & Hancock 2000b, Hancock et al. 2000). In some
instances, the tensile strength of the HAZ is even lower than the yield stress of the
corresponding unwelded material. These reductions due to welding heat input have a direct
effect on the rotation capacity of a welded knee joint where the plastic hinge is supposed to
form.
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The third reason is that, under opening moment, there are strain concentrations in the corners
of the RHS at the welded end. The engineering beam theory, which makes use of the EulerBernoulli assumption that a plane section that is normal to the centroidal line remains so after
bending, is not valid for determining the strain distribution in the region adjacent to the
stiffening plate, even in the linear elastic realm. A linear finite element analysis of a stiffened
knee joint welded in the normal way (Model 1) predicts the greatest longitudinal normal strain
in the tension corners adjacent to the stiffening plate rather than in the tension flange, even
though the flange is further from the neutral axis.
The corner of the 150 × 50 × 4 RHS model is assumed to have a middle wall radius of 6 mm.
The geometry and the loading condition of the knee joint are depicted in Appendix I. Only
one member is modelled, using the quadrilateral shell element with linear interpolation and
reduced integration available in ABAQUS (Hibbitt, Karlsson & Sorensen 1998). The
connected end is assumed to be completely restrained in the finite element analysis. Only half
of the RHS is modelled owing to cross-section symmetry. A contour of longitudinal normal
strains in the neighbourhood of the inner (tension) flange at the connected end, which is
slanted at the web, is shown in Fig. 16.
Line/plane of
section symmetry

SECTION POINT 1
E22

VALUE

rounded corner
r = 6 mm
Slanted at 37.5o
(the knee joint
has an angle of
105o)

Fig. 16 Strain pattern of a normal stiffened welded knee joint (Model 1), linear analysis
Due to the black and white print, the web and the flange region remote from the connected
end appear to have the same shading colours as some regions of the corner. However, the web
is actually in blue shadings which signify lower tensile strains than the red shadings of the
corner regions close to the connected end. Henceforth, the shadings of the web and the flange
region remote from the connected end should be ignored in interpreting the black and white
contour prints presented in this report. For the flange and the corner, a darker shading
generally signifies a higher tensile strain range.
The previous linear finite element model is re-analysed, this time incorporating geometric and
material nonlinearities. The web is assumed to have a yield stress of 450 MPa, the flange 480
MPa, and the corner 620 MPa, all without strain hardening. For the sake of simplicity and
clarity, residual stresses are not modelled in the analysis. Figure 17 shows the contour of
longitudinal normal strains at a maximum bending moment of 1.181 times the nominal plastic
moment Mp, which happens to correspond to a normalised rotation of approximately 4. It can
be seen that the strain concentration in the corner does not disperse as a plastic zone develops
around the connection (in fact, it becomes even more intense). The maximum longitudinal
normal strain in the corner is 0.300, almost three times that in the flange, which is only 0.122.
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SECTION POINT 1
E22

VALUE

Fig. 17 Strain pattern of a normal stiffened welded knee joint (Model 1) at κ / κ p ≈ 4
It should be noted that, by assuming a higher yield stress for the corner, the model gives a
lower strain in the corner than otherwise would be the case (although the stress, which is
equal to the yield stress, is higher). Also, the present exposition concerning strain
concentration should not be confused with the well-known fact that in a welded tubular
connection, stresses are concentrated in the corners of the rectangular hollow section as the
resistance there is the highest. The higher resistance may be due to the higher yield stress
and/or connection geometry.

6

An economical solution

The first and the second factors contributing to the lack of rotation capacity of a stiffened
welded knee joint between DuraGal C450 RHS described in the preceding section are likely
to require metallurgical solutions that may not be practicable or economical even if they exist.
DuraGal tubes are in-line galvanised cold-formed sections which make use of a proprietary
thermo-mechanical production method that results in enhanced yield stresses and tensile
strengths at competitive costs. On the other hand, although it is theoretically possible to use
an existing welding process that results in minimal damage to the HAZ, such a welding
process is not yet viable for the building industry, and does not obviate the third factor.
A proven non-metallurgical solution is to use an internal sleeve inside the connected end of
the RHS, so that the plastic hinge forms at a location remote from the welded knee joint
(Wilkinson & Hancock 2000a). However, a more economical solution is desirable. Besides,
this solution is not applicable to structures that have already been built.
One promising solution is to deposit layers of weld on the tension flange over a certain
distance from the connected end, as shown in Fig. 18. The weld bead furthest from the
connected end is termed “buffer weld”. As will be seen from the following nonlinear finite
element analysis results, these extra layers of weld not only shift the strain concentration away
from the relatively brittle corners of the connected RHS, but also reduce all the tensile strains
around the knee joint considerably.
buffer weld

Fig. 18 Extra layers of weld on tension flange
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The finite element model described in the preceding section (Model 1) is slightly modified by
assuming the thickness of the tension flange and half the corners adjacent to this flange to be
twice the original thickness of 4 mm for a distance of 20 mm from the connected end (Model
2). As the nodes of a shell element are located in the middle wall, there is an additional layer
of 2 mm thick above and below the original flange over the 20 mm distance, as illustrated in
Fig. 19(a). This thickened section is assumed to have the same yield stress of 480 MPa as the
original flange, and simulates the portion of the tension flange having 3-mm thick extra layers
of weld, as illustrated in Fig. 19(b). The 3-mm value is the mean between the 4-mm extra
shell thickness and the 2-mm net thickness above the bare flange.
Thickened flange shell
2 mm

8 mm

4 mm
Bare flange shell
(a) Shell element model
Layers of weld on flange top
Bare flange

7 mm

4 mm

(b) Simulated solution

Fig. 19 Shell element model of proposed solution
Figure 20 shows the contour of longitudinal normal strains determined using the
geometrically and materially nonlinear analysis of Model 2, obtained at the normalised
rotation of approximately 4. It can be seen that the extra layers of weld absorb strains from the
corner at the connected end. The greatest strains are in the bare flange region adjacent to the
buffer weld, which peak at 0.073. Importantly, the maximum strain in the corner drops very
significantly from 0.300 to 0.062, and this strain takes place in the extra layers of weld (which
is generally much more ductile than the cold-worked parent material). Furthermore, the
maximum strain in the flange (0.073) is only 60% of its value without the buffer weld (0.122).
Table 1 compares the maximum strains in the corners and in the tension flange of various
models at a given normalised rotation of approximately 4. Models 3 and 4 are similar to
Model 2 except for the thickness of the extra layers of weld, as given in the table. Model 5 has
half the width of the extra layers of weld in the previous models, while Model 6 has the
widest and thickest extra layers of weld. The finite element analysis results suggest that the
most important parameter is the width of the extra layers of weld on the tension flange. It
should be noted that the maximum strain of the corner of each model other than Model 1 takes
place in the extra layers of weld rather than in the cold-worked parent material (as indicated in
Fig. 20, half the corners adjacent to the flange are covered with weld).
It can be seen from the analysis results of Models 2, 4 and 6 that the maximum strains do not
necessarily reduce with the increase in the width or thickness of the extra layers of weld.
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region of extra layers of weld

Fig. 20 Strain pattern of a stiffened knee joint with extra layers of weld (Model 2) at
κ / κp ≈ 4
Table 1 Maximum strains in different regions of various models at a normalised
rotation of approximately 4; 150 × 50 × 4 RHS
Model

Extra layers of weld

Maximum strain

Width
(mm)

Thickness
(mm)

Flange

Corner at
welded end

1

0

0

0.122*

0.300

2

20

3

0.073

0.062

3

20

2

0.082

0.080

4

20

4

0.077

0.055

5

10

3

0.122

0.060

6

50

4

0.073

0.148

*adjacent to the stiffening plate

The two basic sequences of depositing the extra layers of weld are described in the next
section. The proposed solution is then verified through laboratory tests as discussed in
subsequent sections.

7

Two possible welding sequences

There are basically two welding sequences that can be used in depositing the extra layers of
weld on the tension flange in the area adjacent to the connected end of the RHS member,
namely the Backward and the Forward sequences. The Backward sequence is illustrated in
Fig. 21(a), and the Forward in Fig. 21(b). The variable d in these figures denotes the width of
the extra layers of weld. In both sequences, the so-called buffer weld is the furthest from the
connection weld.
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RHS

d

Stiffening
plate

RHS

Buffer weld (second)
Intermediate weld (third)
Subsequent intermediate weld
Connection weld (first)

d

Subsequent intermediate weld
Intermediate weld (second)
Stiffening plate

(a) Backward

Buffer weld (last)

Connection weld (first)

(b) Forward

Fig. 21 Two welding sequences of extra layers of weld
In the Backward sequence, the buffer weld is the first among the extra layers of weld to be
deposited on the RHS flange, at a distance of d from the connection weld. The next weld bead
(being the first intermediate weld) is then deposited adjacent to the buffer weld with partial
overlap on the connection side, followed by subsequent intermediate weld beads until the
flange is fully covered with the extra layers of weld between the buffer weld and the
connection weld.
In the Forward sequence, the first extra weld bead is deposited adjacent to the connection
weld with partial overlap away from the connection, followed by subsequent intermediate
welds until the desired d is reached. The last weld bead to be deposited is the buffer weld.
The Backward sequence can be expected to have two advantages over the alternative. Firstly,
it results in a narrower HAZ in the parent flange adjacent to the buffer weld where fracture of
the knee joint is to take place, as found through the micro-structure examination of the
samples. In the Forward sequence, the buffer weld is deposited when the temperature of the
flange in the vicinity of the buffer weld is very high due to the heat inputs from the preceding
intermediate welds. On the other hand, in the Backward sequence, the buffer weld can be
deposited under room temperature. The result is that the bare flange material adjacent to the
buffer weld deposited using the Backward sequence is subjected to less severe damage than
the corresponding area in the Forward sequence. The report detailing the micro-structure
examination results is attached as Appendix IV.
Secondly, the Backward sequence is likely to result in a more favourable residual stress
pattern in the bare flange area adjacent to the buffer weld. The cooling/ shrinking of a weld
bead gives rise to tensile residual stresses in the weld and the immediate areas on both sides of
the weld bead, but gives rise to compressive residual stresses in the remote areas (Gurney
1979). The buffer weld is the first to cool down in the Backward sequence, but the last in the
Forward sequence. Furthermore, in the Backward sequence, the bare flange area adjacent to
the buffer weld is subjected to lower temperature and therefore to lower thermal stresses. A
somewhat related research on this topic has very recently been published after the present
work was completed (Teng et al. 2003).
In practical terms, the relative merits of the Backward and the Forward welding sequences are
assessed from the performance of the corresponding knee joint specimens in laboratory tests
as described in Section 9.
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Welding procedures

The stiffened knee joint specimens tested in the present work were fabricated using the Gas
Metal Arc Welding (GMAW) process, with the short-arc transfer method. The electrode used
was 0.9-mm wire manufactured to AS/NZS 2717.1 (SA/SNZ 1996), and is pre-qualified to
AS/NZS 1554.1 (SA/SNZ 2000) for the C450 tubes. The typical welding procedures of the
connection weld are given in Appendix II. For the specimens described in Section 9, only one
connection weld pass (R1) was run on each side of the RHS.
The welding procedures of the extra layers of weld are given in Appendix V. It is significant
that the welding machine settings and the welding consumables were the same as those used
for the connection weld. The thicknesses of the resulting weld beads ranged from 2 mm to 4
mm. It should be noted that it is not practicable to maintain a uniform thickness of the extra
layers of weld over the inner flange. There were also grooves (not gaps) between passes.
However, provided fracture is initiated in the flange region adjacent to the buffer weld, the
modest variation in the extra weld thickness appears to be unimportant.

9

Experimental test results and discussions

9.1 Effects of the width of extra layers of weld (d)

Normalised Bending Moment

Figure 22 shows the laboratory test results of stiffened welded knee joints between DuraGal
C450 150 × 50 × 4 RHS. All but one of the specimens were fabricated with varied widths of
the extra layers of weld deposited using the Backward sequence depicted in Fig. 21(a). It can
be seen that the specimens BW4, BW6 and BW7 had considerably greater rotation capacities
than the specimen welded in the normal way, denoted “Normal 1P”. The letters “BW”
indicate the Backward welding sequence, and the number in millimetres following a specimen
designation indicates the width of the extra layers of weld, denoted d in Fig. 21(a).
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1.0
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BW2, 10 mm
BW3, 10 mm
BW4, 16 mm
BW6, 15 mm
BW7, 18 mm
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Fig. 22 Moment-rotation curves of normal and Backward 150 × 50 × 4 specimens
It is significant that fractures were found to be initiated in the flanges rather than the corners,
as evident from Fig. 23. More importantly, the specimen BW7 had a rotation capacity R
slightly greater than 4, as would BW4 if the bending moment had dropped below Mp. The
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tests of BW4 and BW6 were terminated before their bending moments dropped below Mp in
order to show that fractures were not initiated in the corners. The stiffer moment-rotation
curve of BW4 is caused by the fact that the specimen was unloaded when the maximum
bending moment was close to the nominal plastic moment Mp in order to install a horizontal
transducer (see Fig. I.4 Appendix I), and was then reloaded.
fracture

Fig. 23 Fracture in the flange of BW4
The effect of the width of the extra layers of weld (d) on the rotation capacity (R) is quite
pronounced in Fig. 22. For the tested 4-mm specimens, meaningful increases in rotation
capacity were only achieved when the widths d were at least 15 mm. The present laboratory
test results are in agreement with the finite element analysis results shown in Table 1.

Normalised Bending Moment

Figure 24 shows the laboratory test results of stiffened knee joints between DuraGal C450
150 × 50 × 5 RHS. All the specimens having at least 20-mm wide extra layers of weld,
deposited using the Backward sequence, had rotation capacities greater than 5. The specimens
BW10 and BW19, which had d equal to 30 mm and 38 mm, respectively, had rotation
capacities significantly greater than 6. These are remarkable results considering the normally
welded specimen, denoted Normal 3P, had a rotation capacity less than 3.
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Fig. 24 Moment-rotation curves of normal and Backward 150 × 50 × 5 specimens
Obviously, for a given knee-joint configuration, there is a limit to the width d beyond which
fracture takes place close to the connection weld (or between the connection weld and the
buffer weld depending on the quality of the overlapping intermediate welds), rather than in
the flange adjacent to the buffer weld as shown in Fig. 23. The specimen BW19, with d equal
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to 38 mm, fractured midway between the buffer weld and the connection weld, as shown in
Fig. 25.

fracture

Fig. 25 Fracture of BW19 between connection weld and buffer weld
9.2 Effects of welding sequences

Normalised Bending Moment

Figure 26 compares the performance of the 5-mm specimens having extra layers of weld
deposited in the Backward (BW) and in the Forward (FW) sequence. It is evident that the
Backward welding sequence resulted in much more improved rotation capacities for a given
width d. It can also be seen from Figs. 24 and 26 that the specimens BW14 and BW18 (d = 20
mm), had greater rotation capacities than FW5 (d = 30 mm) and FW7 (d = 35 mm).
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Fig. 26 Moment-rotation curves of Backward and Forward 150 × 50 × 5 specimens
The reasons for the superiority of the Backward welding sequence over the alternative have
been given in Section 7. More experimental evidence can be found in Appendices VI and VII.
Appendix VI also presents an apparent anomaly involving a FW specimen.
9.3 Effects of seam weld
In all the knee joint specimens discussed in the preceding subsections, the seam weld of each
RHS is located in the compression flange. For the purpose of investigating the effect of the
seam weld on the rotation capacity of a stiffened welded knee joint having extra layers of
weld on the tension flange, the seam welds of some such specimens were located in the
tension flanges. The combined effect of having the seam weld and the Forward welding
sequence was also investigated.
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Normalised Bending Moment

The test results of BW10 (seam weld in the compression flange) and BW11 (seam weld in the
tension flange) plotted in Fig. 27 indicate that the presence of seam weld in the tension flange
could significantly reduce the rotation capacity of a knee joint having the Backward extra
layers of weld. It can also be seen that the specimens BW14 and BW18 (d = 20 mm, seam
weld in the compression flange) had greater rotation capacities than BW11 (d = 30 mm, seam
weld in the tension flange). Fortunately, the reduced rotation capacity of BW11 was found to
be still greater than 4.
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Fig. 27 Moment-rotation curves of 150 × 50 × 5 specimens with and without seam weld
The use of the Forward welding sequence in the presence of seam weld in the tension flange
of FW9 (d = 20 mm) appeared to result in the fracture taking place at about the same
normalised rotation as the normal specimen. However, the rotation capacity of FW9 was
greater than that of the normal specimen due to its more gradual load shedding characteristics.
As indicated previously, a normal specimen fractures in one of the corners where stresses and
strains are concentrated while a specimen with extra layers of weld fractures in the flange.
Appendix VI shows a test result that indicated fracture was initiated in the location coinciding
with the seam weld. This appendix also provides a test result confirming that the premature
fracture of FW9 was not an anomaly.
9.4 Fracture in the gap between the weld beads
In producing the extra layers of weld depicted in Fig. 21, it is important that the weld beads
overlap each other without any gap between them. Figure 28 shows specimen BW5 in which
there was a gap between the connection weld and the adjacent extra weld bead. Due to this
flaw, the specimen fracture prematurely across this gap as shown in Fig. 29. The resulting
rotation capacity was about the same as that of the normal specimen.

exposed parent

Fig. 28 Gap between the connection weld and the closing weld in BW5
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Fig. 29 Fracture across exposed flange material in the gap
9.5 Fracture adjacent to the connection weld

Normalised Bending Moment

As indicated by the FEA result of Model 6 shown in Table 1, there is a limit to the width of
the extra layers of weld beyond which the maximum strain will take place in the corners
adjacent to the stiffening plate (assuming a uniform thickness for the extra layers of weld).
Figure 30 shows the test results of two stiffened knee joints between DuraGal C450
150 × 50 × 5 RHS. It can be seen that although the width of the extra layers of weld in BW13
was 30 mm while that in BW9 was 50 mm, the former had a larger rotation capacity. Fracture
of BW9 was initiated in the connection weld and propagated in the weld metal across the
flange, as shown in Fig. 31.
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Fig. 30 Comparison between 150 × 50 × 5 specimens BW9 and BW13

fracture

Fig. 31 Fracture in the connection weld of BW9
Apart from the increased strain in the corner adjacent to the stiffening plate of BW9, the
superior performance of BW13 was aided by the use of the so-called reinforcement weld. The
reinforcement weld was laid over the connection weld and the adjacent weld bead, as depicted
in Fig. 32. The resulting specimen is shown in Fig. 33.
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RHS

Buffer weld

30 mm

Intermediate weld
Reinforcement weld (last)
Stiffening plate

Connection weld

Fig. 32 Schematic diagram of BW13
stiffening plate
reinforcement weld

buffer weld

Fig. 33 Reinforcement weld on top of the connection weld of BW13
The reinforcement weld depicted in Fig. 32 also prevents fracture from taking place in a gap
such as that described in Section 9.4.
9.6 Additional experimental test results
Additional experimental test results investigating the applicability of the proposed solution to
significantly less ductile RHS are presented in Appendix VII, and those investigating the
effects of various welding techniques are presented in Appendix VIII.

10
10.1

Summaries and conclusions
Definitions of rotation capacity and plastic moment

An appropriate definition for the rotation capacity of a knee joint under opening moment was
discussed from the practical and the theoretical points of view. The definition proposed by
Wilkinson & Hancock (2000a), which is based on the assumption that the rotation is
concentrated at the knee joint, has been adopted in the present work. It was explained that the
terminal point for measuring a rotation capacity should not be the point of local buckling or
fracture, but the point where the bending moment at the plastic hinge drops back below the
nominal plastic moment. It was also explained that, for the purpose of investigating the
suitability of a steel section for plastic design (neglecting the issues of efficiency and
optimisation), the exact value of the plastic moment is largely immaterial. The plastic moment
of a specimen was computed as the product of the nominal yield stress and the nominal plastic
section modulus.
Department of Civil Engineering
Research Report No R832

29

Improving Rotation Capacities of Stiffened Welded Knee Joints between DuraGal C450 RHS

10.2

September 2003

Factors contributing to the lack of rotation capacity

A number of factors that may contribute to the lack of rotation capacity of a normally welded
stiffened knee joint between DuraGal C450 150 × 50 × 4 or 150 × 50 × 5 RHS under opening
moment were described and investigated. These factors include the welding residual stresses
orthogonal to the applied bending stresses, the reduced elongation at fracture of the highly
cold-worked corner material, the embrittlement effect of the welding process, and the strain
concentration in the rounded corners of the tension flange at the connected end. The attempt
to isolate the effect of welding residual stresses on the rotation capacity of such a joint
through heat treatment in a furnace did not succeed as the heat treatment altered the material
properties of the members, in addition to relieving the residual stresses.
The knee joint specimens heat treated to 500 oC and 600 oC for 30 minutes had sufficient
rotation capacities for plastic design (assuming the moment capacity is adequate), but their
protective coating was visibly damaged. The specimens heat treated to 600 oC had noticeably
lower moment capacities at the nominal plastic curvature κ p .
In any case, orthogonal welding residual stresses do not appear to be a major factor causing
the premature fracture of stiffened welded knee joints between DuraGal C450 150 × 50 × 4
or 150 × 50 × 5 RHS.
10.3

Efficacy of the extra layers of weld on tension flanges

The use of extra layers of weld on the inner (tension) flange of a stiffened welded knee joint
to increase its rotation capacity under opening moment was investigated through experimental
tests and finite element analyses. It was found through the experimental tests that the
specimens having such extra layers of weld possessed significantly greater rotation capacities
than the normally welded specimens. In most cases, fracture of such a specimen was found to
be initiated in the flange region adjacent to the buffer weld. The degree of increase in rotation
capacity depends on a number of factors, including the width of the extra layers of weld, the
weld thickness and the welding sequence. The width of the extra layers of weld appears to be
the most important factor, provided the layers are sufficiently thick to prevent fracture from
taking place adjacent to the stiffening plate.
The finite element analysis (FEA) results have indicated that the extra layers of weld have a
profound effect on the strain distribution around a stiffened welded knee joint. In particular,
the extra layers of weld may reduce the maximum longitudinal normal strain in the RHS
corner adjacent to the stiffening plate by up to 80% at a given rotation. The FEA results have
also shown that strain concentrations are shifted away from the corners to the bare flange
region adjacent to the buffer weld. As a consequence, fracture of a stiffened welded knee joint
having such extra layers of weld is likely to take place in the flange rather than in the corner,
and at a greater rotation of the plastic hinge. The finite element analysis results are in
agreement with the experimental test results.
10.4

Performance of Backward specimens

The specimens fabricated using the Backward sequence of depositing the extra layers of weld
had significantly greater rotation capacities than comparable specimens fabricated using the
Forward sequence. The former were subjected to less metallurgical damage from the welding
heat input, and were likely to have more favourable welding residual stresses.
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While it was found that the presence of seam weld in the tension (inner) flange reduced the
rotation capacity significantly, the use of the Backward welding sequence ensured that the
tested specimens had rotation capacities greater than 4. Neglecting the specimens which failed
adjacent to the stiffening plates, the effects of the various parameters on the normalised
rotation at fracture are summarised in Figs. 34 and 35 for the 5-mm and 4-mm specimens,
respectively. Some of the plots in the figures are for the specimens discussed in Appendix VI.
Normal
Backward
Backward with seam weld
Forward

Normalised rotation at fracture

8
7

Forward with seam weld

6
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1
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Width of extra layers of weld (mm)

Normalised rotation at fracture

Fig. 34 Effects of various parameters on the rotation at fracture of 5-mm specimens
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35

40

Width of extra layers of weld (mm)
Fig. 35 Effects of various parameters on the rotation at fracture of 4-mm specimens
10.5

Concluding remarks

A stiffened knee joint between cold-formed DuraGal C450 150 × 50 × 4 or 150 × 50 × 5 RHS
manufactured to AS 1163 (SA 1991a) welded in the normal way does not have a sufficient
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rotation capacity for plastic design under opening moment, unless internal sleeves or similar
other reinforcement means are employed to prevent premature fracture of the connection in
the corner adjacent to the stiffening plate.
A simple and effective solution has been proposed in the paper. The solution involves
depositing extra layers of weld on the tension flanges. The extra layers of weld can be
deposited using the welding machine used to produce the connection weld, without changing
the machine settings and the welding consumables.
The solution increased the rotation capacities of stiffened welded knee joints between
DuraGal C450 150 × 50 × 4 and 150 × 50 × 5 RHS to the extent that the minimum rotation
capacity required for plastic design was surpassed. In this regard, the so-called Backward
welding sequence for depositing extra layers of weld on the tension flanges is recommended
as it is superior to the Forward welding sequence.
The proposed solution is not only more economical than the use of internal sleeves, but is also
applicable to existing structures provided the joints are accessible to depositing the extra
layers of weld. This feature of the proposed solution means that the load-carrying capacity of
an existing portal frame may be upgraded provided it is predicted to fail by a plastic collapse
mechanism.
As the proposed solution does not involve changing the manufacturing process of the coldformed tubes or the welding process, and its success is based on strain redistribution and
strain adsorption from the brittle tube corner, it has potentially very wide applications
including those where DuraGal tubes are not used as structural members. One area where
laboratory test results have confirmed its applicability is the ductility (or fatigue) of welded
SHS column bases under cyclic loadings. These results will be presented in a separate paper.
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Specimen configuration and test arrangement

In the present work, only stiffened welded knee joints between DuraGal C450 150 × 50 × 4
or 150 × 50 × 5 RHS members were tested. The connected RHS members of each knee joint
make an angle of 105o with each other. This means that the connected end of each member is
slanted at 37.5o as depicted in Fig. I.1. The members, which are symmetrical, are welded to a
10-mm thick stiffening plate at the joint. In the experiment, a pin (40 mm in diameter) is
inserted through the circular hole in the web near each free end, which has a diameter of 42
mm. Reinforcement plates are used to strengthen the web material around the hole, although
they may be unnecessary due to the relatively low bearing loads applied in the experiment.
The two pins act as both supports and loading points since they are anchored to the grips as
shown in Fig. I.2.

75
150

RHS
φ = 42 mm

105°
37.5°

1000

RHS

Stiffening
plate

Fig. I.1 Stiffened welded knee joint specimen

loading ram
upper pin
upper
grip

fixed jaw
compartment

Fig. I.2 A specimen mounted on the Dartec testing machine
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The upper grip is attached to the loading ram of a servo-controlled testing machine, a 2000kN capacity Dartec, shown in Fig. I.2. In the experiment, the loading ram moves upwards to
create tensile axial loading and opening bending moment in the knee joint specimen. The
initial stroke rate is 5 mm/minute, decreasing to 1 mm/minute as the plastic moment is
approached.
A schematic diagram of the load(s) applied to the specimen is shown in Fig. I.3. It can be seen
that for each member, the axial load F is approximately 1.3 times the transverse shear load V,
increasing with the opening of the knee joint. However, as the bending moment at the knee
joint is equal to approximately 867.5 V (see next paragraph), the contribution of the axial load
F to the longitudinal normal stresses and strains around the connected end is small. At the
nominal plastic moment of 29.4 kNm for a C450 150 × 50 × 4 RHS specimen, the uniform
normal stress due to the axial load is about 5% of the nominal yield stress of 450 MPa.
In the structural analysis of a frame, the joint coordinates and the member lengths are usually
determined based on the intersections of the centroidal lines of the members. Accordingly, the
length of each connected member of the knee joint specimen depicted in Figs. I.1 and I.3 is
measured along the centroidal line from the loading/support point to the stiffening plate,
which is approximately 867.5 mm. The loading/support point is assumed to be located at the
centre of the circular hole. In the present work, the bending moment at the joint is computed
as the product of the applied load P and the horizontal distance e between the loading point
and the centre line of joint (see Fig. I.3).
P
V
F = ------------------------- = 1.3 V
tan 37.5 °
V

37.5°

867.5

dimensions in mm
105°
e

867.5 V = e P

Fig. I.3 Schematic diagram of a knee joint specimen
In order to account for the second-order effect due to geometric nonlinearity (the P − ∆
effect) on the bending moments in the knee joint, a transducer is used to measure the
horizontal displacements of the joint. For this purpose, a steel strip is tack-welded to the
stiffening plate as shown in Fig. I.4. Note that the loading ram cannot move in the horizontal
direction. As the connected members are largely symmetrical until fracture, the steel strip
remains vertical for most of the test duration.
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transducer

steel strip

Fig. I.4 Measuring the horizontal displacements of a knee joint specimen
The rotation of a knee joint, defined in Fig. 9, can be computed from the stroke displacement
of the loading ram and the horizontal displacement of the stiffening plate.
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Welding procedures for heat treated specimens

The welding procedures in this appendix were recorded for the connection welds of the heat
treated specimens discussed in Section 4. For these specimens, three passes were run on each
side of the rectangular hollow section. The welding procedures of the specimens discussed in
Section 9 were similar to the ones detailed here, except for the fact that only one connection
weld pass was run on each side.

150 × 50 × 4 RHS to 10-mm plate

Parts welded:
Joint Preparation:

2 mm gap, bevelled edge

Welding Position:

Horizontal (2F)

Welding Process:

GMAW, short-arc transfer

Welding Machine:

CIG Transmig 330 transformer; Transmig 2Rse feeder

Polarity:

DCEP

Stick-out:

15 mm

Electrode Trade Name:

CIGWeld Autocraft

Gas Trade Name:

Argoshield 51

Gas Composition:

16% CO2, 81.5% Ar, 2.5% O2

Gas Flow Rate (L/min)
Weld

25

Electrode Classification

Wire Speed

V

A

Welding

Arc

Speed

Energy

mm/min

kJ/mm

260

250

1.50

Flange, R2

245

275

1.28

Flange, R3

190

320

0.86

Web, R1

215

300

1.03

Web, R2

245

350

1.01

Web, R3

215

455

0.68

mm/min

Flange, R1

0.9 mm ES4-GC/M-W503AH
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150 × 50 × 5 RHS to 10-mm plate

Parts welded:
Joint Preparation:

2 mm gap, bevelled edge

Welding Position:

Horizontal (2F)

Welding Process:

GMAW, short-arc transfer

Welding Machine:

CIG Transmig 330 transformer; Transmig 2Rse feeder

Polarity:

DCEP

Stick-out:

15 mm

Electrode Trade Name:

CIGWeld Autocraft

Gas Trade Name:

Argoshield 51

Gas Composition:

16% CO2, 81.5% Ar, 2.5% O2

Gas Flow Rate (L/min)
Weld

25

Electrode Classification

Wire Speed

V

A

Welding

Arc

Speed

Energy

mm/min

kJ/mm

255

360

1.02

Flange, R2

260

480

0.78

Flange, R3

255

530

0.69

Web, R1

235

315

1.07

Web, R2

240

390

0.89

Web, R3

235

370

0.91

mm/min

Flange, R1

0.9 mm ES4-GC/M-W503AH
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Tension coupon test results

The mechanical properties of the tension coupons cut from the untreated DuraGal specimens
discussed in Sections 4 and 9 are shown in Table III.1. The tension tests were conducted at a
strain rate of not more than 10 −4 , which is slower than the target rate of 8 × 10 −4
recommended in AS 1391 (AS 1991b). The percentages of elongation at fracture of the 4-mm
coupons were measured over a gauge length of 40 mm, while those of the 5-mm coupons
were measured over 45 mm.
Table III.1 Test results of untreated specimens

150 × 50 × 4

150 × 50 × 5

fy
(MPa)

fu
(MPa)

fu/fy

%
elong

Flange

475

530

1.12

22

Web

460

510

1.11

26

Corner*

565

600

1.06

13

Flange

515

555

1.08

19

Web

460

515

1.12

18

Corner*

495

565

1.14

17

*from Wilkinson (1999), static values

Table III.2 Test results of heat treated specimens (150 × 50 × 4)

Flange

Web

fy
(MPa)

fu
(MPa)

fu/fy

%
elong

300degs 30mins

520

560

1.08

15

300degs 120mins

505

545

1.09

15

400degs 120mins

500

550

1.10

17

500degs 30mins

440

500

1.13

26

600degs 30mins

390

460

1.19

27

300degs 30mins

470

515

1.10

18

300degs 120mins

445

500

1.12

21

400degs 120mins

450

500

1.12

21

500degs 30mins

410

485

1.17

N/A

600degs 30mins

345

435

1.26

N/A
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The mechanical properties of the tension coupons cut from the heat treated 150 × 50 × 4
specimens are shown in Table III.2. The strain rate was approximately 10 −3 per second,
which was ten times that used for the untreated specimens. The percentages of elongation at
fracture were measured over a length of approximately 58 mm, so they were underestimated
relative to those of the untreated specimens given in Table III.1. In any case, it is clear that the
heat treatment resulted in significant changes to the mechanical properties.
It should be noted that the properties listed in Table III.2, obtained from the coupons cut from
the parts of the specimens which remained elastic in the knee joint tests (near the grip ends),
are different from those of the heat-affected-zones around the welded connections.
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Microstructure examination
REPORT : LRQ 02/21 B
PAGE : 1 OF 4
DATE : 20 May 2003

OneSteel Market Mills
Pipe&Tube Newcastle
LABORATORY REPORT

Examination of Buffer Welds for Sydney University

Introduction

A further sample of a Normal and Backwards buffer weld was examined to determine the
hardness profile, and therefore the extent of the heat affected zone, beneath and beyond the
edges of the buffer weld. The sample provided consisted of a series of parallel overlapping
welds across the face of a piece of 50x50x5.0 DuraGal RHS tube (refer Figure 1). The
sequence of laying the welds simulated a Normal buffer weld at one end of the sequence and a
Backwards buffer weld at the other end.

Results

A metallographic section was taken along the centreline of the RHS face through the buffer
weld (refer figure 2) to reveal the general layout of the welds and the heat affected zone.
Hardness traverses were taken as follows:
•

a transverse traverse beneath and beyond the weld at approximately 1 mm from the
internal surface - refer chart 1

•

through thickness traverses from a point immediately below the toe of the weld, 5 mm
from the toe of the weld and 10 mm from the toe of the weld (Normal technique only) refer chart 2

Figure 1. Sample arrangement (after sectioning). Backwards buffer weld to the left.
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PAGE : 2 OF 4
DATE : 20 May 2003

OneSteel Market Mills
Pipe&Tube Newcastle
LABORATORY REPORT

Figure 2. Metallographic section through buffer weld indicating positions of hardness
traverses

220
Vickers Hardness Number (10kg)

210
200
190
180
170

Backward

160

Normal

150
140
130
120
-15

-10

-5

0

5

10

Position with respect to toe of Weld (mm, -ve values beyond the weld)

Chart 1. Transverse hardness profiles
Observations

The parent metal hardness is in the range of 180 to 190 VHN whereas the fully softened heat
affected zone is in the 140 to 150 VHN range.
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220

Vickers Hardness Number (5 kg)

210
200
190
180
170
160
150
140
130
120
0

1

2

3

4

5

Depth beneath toe of weld (mm)
Backward at Toe

Backward at 5mm

Normal at 5mm

Normal at 10mm

Normal at Toe

Chart 2. Through-thickness hardness profiles
Near the internal surface of the RHS the reduced hardness of the heat affected zone extends
further into the parent steel in the case of the normal buffer welding technique. For the
backward technique the internal surface is only affected by the heat of welding for a distance
of up to 3 mm beyond the edge of the weld, the corresponding distance for the normal
technique is 7 to 8 mm.
In the vicinity of the toe of the weld, the full thickness of the steel is affected to some extent
by the heat of welding for both techniques. However, the backward technique is only fully
softened up to 2 mm below the surface, whereas the normal technique is fully softened for the
full thickness.
At 5 mm from the toe of the weld the hardness is unaffected throughout the thickness for the
backward technique but partially softened (170 VHN) for the normal technique. At 10 mm
from the toe of the weld the hardness is at parent metal levels in the normal technique.
Comments

The hardness readings support the previous conclusion that the heat affected zone extends
further into the parent metal in the normal buffer welding technique compared to the
backward weld. Consequently, this results in a greater volume of metal at a reduced strength
compared to the parent tube which is outside the geometrically strengthened buffer weld area.

Department of Civil Engineering
Research Report No R832

42

Improving Rotation Capacities of Stiffened Welded Knee Joints between DuraGal C450 RHS

REPORT : LRQ 02/21 B
PAGE : 4 OF 4
DATE : 20 May 2003

OneSteel Market Mills
Pipe&Tube Newcastle
LABORATORY REPORT
PREPARED BY:

A.Styan (Metallurgist)

CHECKED BY:

P.Martin

Department of Civil Engineering
Research Report No R832

September 2003

43

Improving Rotation Capacities of Stiffened Welded Knee Joints between DuraGal C450 RHS

Appendix V

September 2003

Welding procedures for extra layers of weld

There is no deliberate distinction between the welding procedures for the Backward and the
Forward sequence. When BW and FW specimens were fabricated on the same day, the
welding machine settings and consumables remained the same.
The welding procedures for BW4 and BW20 given in this appendix were somewhat different
from each other, and were not necessarily optimum for the respective specimens. The wire
speed (hence the voltage, the current and the welding speed) was determined by the welder to
suit his “visceral” preferences on the particular day.

Specimen:

BW4
Flange of 150 × 50 × 4 RHS

Parts welded:
Welding Position:

Flat (1F)

Welding Process:

GMAW, short-arc transfer

Welding Machine:

CIG Transmig 330 transformer; Transmig 2Rse feeder

Polarity:

DCEP

Stick-out:

15 mm

Electrode Trade Name:

CIGWeld Autocraft

Gas Trade Name:

Argoshield 51

Gas Composition:

16% CO2, 81.5% Ar, 2.5% O2

Gas Flow Rate (L/min)
Weld

25

Electrode Classification

Wire Speed

V

A

Welding
Speed

Arc
Energy

mm/min

kJ/mm

285

750

0.58

280

545

0.79

mm/min
Buffer weld

0.9 mm ES4-GC/M-W503AH

Closing weld
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BW20
Flange of 150 × 50 × 5 RHS

Parts welded:
Welding Position:

Flat (1F)

Welding Process:

GMAW, short-arc transfer

Welding Machine:

CIG Transmig 330 transformer; Transmig 2Rse feeder

Polarity:

DCEP

Stick-out:

15 mm

Electrode Trade Name:

CIGWeld Autocraft

Gas Trade Name:

Argoshield 51

Gas Composition:

16% CO2, 81.5% Ar, 2.5% O2

Gas Flow Rate (L/min)
Weld

25
Electrode Classification

Wire
Speed

V

A

mm/min
Buffer

0.8 mm ES4-GC/M-W503AH

Arc
Energy

mm/min

kJ/mm

24.0

205

910

0.32

Intermediate 1

24.0

205

1000

0.29

Intermediate 2

24.0

205

910

0.32

Intermediate 3

24.0

205

910

0.32

Intermediate 4

24.0

210

910

0.33

Intermediate 5

24.0

205

965

0.31

Intermediate 6

24.0

200

770

0.37

Reinforcement

25.0

185

680

0.41
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Additional experimental test results

VI.1 Comparison of Backward and Forward specimens
In addition to the plots in Figs. 34 and 35, the fact that the Backward sequence of depositing
the extra layers of weld on tension flanges is superior to the Forward sequence is also
supported by the test results of FW3 and BW8, both being 150 × 50 × 5 specimens. The
former had 16-mm wide extra layers of weld deposited using the Forward sequence, while the
latter had 12-mm wide extra layers of weld deposited using the Backward sequence. These
widths are within the sensitive range as far as the rotation capacity is concerned. It can be
seen from Fig. VI.1 that the two specimens had about the same rotation capacity despite the
significant difference in the widths of the extra layers of weld. Apparently, the Backward
sequence made up for the width shortfall of BW8.

Normalised Bending Moment

1.60
1.40
1.20
1.00
0.80
FW3, 16 mm

0.60

BW8, 12 mm

0.40
0.20
0.00
0

1

2

3

4

5

6

Normalised rotation

Fig. VI.1 Comparison between FW3 and BW8, 150 × 50 × 5 specimens
VI.2 Fracture initiation in seam weld
In each of all the specimens discussed previously, the seam weld was located away from the
corners as illustrated in Fig. VI.2(a). This is a common occurrence in practice. However,
sometimes the seam weld of an RHS was located along one of the section corners, as
illustrated in Fig. VI.2(b). Such a location provides the opportunity to ascertain that, when
extra layers of weld is deposited on a tension flange containing the seam weld, fracture is
initiated in the vicinity of the seam weld.
Figure VI.3 shows the fracture initiated in the corner of FW1 which contained the seam weld.
This location of fracture initiation is in contrast with all the other specimens where fracture
was initiated within the flat flange (see Figs. 23 and 25). The specimen FW1 was the only one
where the seam weld was located along one of the corners.
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Flange 1

Opposite

Corner 1

t
Flange

Corner 2

Corner

Weld

Web
Adjacent 1

Web 1
Web 2

Adjacent 2
Corner 3

Weld

re

(a)

Corner 4

(b)

Fig. VI.2 Seam welds in rectangular hollow sections (after Wilkinson 1999)

fracture initiation at
seam weld in the corner

Fig. VI.3 Fracture initiation at seam weld in the section corner of FW1
VI.3 Combined effect of seam weld and Forward welding sequence
Figure 27 shows that FW9, where the extra layers of weld was deposited using the Forward
sequence on the tension flange containing the seam weld, fractured at about the same rotation
as the normal specimen Normal3P. The fact that this result was not accidental is evident from
the result of another similar specimen, FW8, shown in Fig. VI.4.
It should be noted that the rotation capacities of FW8 and FW9 are greater than the normal
specimen as load shedding was more gradual with these specimens, as can be seen from Fig.
VI.4. Nevertheless, they are significantly less than those of BW14 and BW18.
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1.60
1.40
1.20
1.00
Normal3P
BW14, 20 mm
BW18, 20 mm
FW8, 22 mm, seam weld
FW9, 20 mm, seam weld

0.80
0.60
0.40
0.20
0.00
0

1

2

3

4

5

6

7

8

Normalised rotation

Fig. VI.4 Combined effect of seam weld and Forward welding sequence
VI.4 Anomalous result
All the previously reported results indicate that the Forward sequence of depositing the extra
layers of weld is inferior to the Backward sequence. This phenomenon has been explained in
Section 7. However, there was an anomalous test result concerning specimen FW2 shown in
Fig. VI.5. This specimen, which had 12-mm wide extra layers of weld deposited using the
Forward sequence, fractured at a normalised rotation close to that of BW6, which had 15-mm
wide extra layers of weld deposited in the Backward sequence. Furthermore, FW2 fractured at
a normalised rotation that is significantly greater than those of BW2 and BW3.

Normalised Bending Moment
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BW3, 10 mm
BW6, 15 mm

0.6
0.4
0.2
0.0
0

1

2

3

4

5
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Fig. VI.5 Anomalous result of FW2
Figure VI.6 shows that, in contrast to the other specimens which fractured along the toe of the
buffer weld (see Fig. 23 and Fig. VI.7), FW2 fractured at some distance away from this toe.
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fracture

Fig. VI.6 Fracture in the flange of FW2 at some distance from the buffer weld toe

fracture

Fig. VI.7 Fracture in the flange of BW3 along the buffer weld toe
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Less ductile RHS specimens

The solution of using extra layers of weld to increase the rotation capacity of stiffened welded
knee joints was also applied to a different batch of DuraGal C450 150 × 50 × 4 which has
significantly smaller percentages of elongation at fracture than the original batch discussed in
all the preceding sections and appendices. Table VII.1 compares the mechanical properties of
the original batch and the less ductile batch.
Table VII.1

Comparison between original and less ductile batches
fy
(MPa)

fu
(MPa)

fu/fy

%
elong

Original batch

475

530

1.12

22

Less ductile batch

510

580

1.14

13.5

Original batch

460

510

1.11

26

Less ductile batch

470

535

1.14

21.0

Flange

Web

It can be seen from Table VII.1 that the elongation at fracture of the flange coupon cut from
the less ductile batch is considerably smaller than that cut from the original batch, although
the ratio of ultimate strength to yield stress of the former is higher. Since a specimen with
extra layers of weld fractures in the flange, the reduced elongation at fracture may have a
significant effect on its rotation capacity.

Normalised Bending Moment

Figure VII.1 shows that the use of the backward sequence to lay the extra layers of weld still
enabled the knee-joint specimens cut from the less ductile batch to achieve a rotation capacity
greater than 3. However, compared to the similar specimen cut from the original batch
(BW7), the rotation capacity of BW16 is reduced even though its moment capacity is higher,
as shown in Fig. VII.2.
1.6
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1.0
0.8
0.6
0.4
0.2
0.0

Normal 4B
FW6, 18 mm
BW16, 18 mm
BW17, 20 mm, seam weld
0

1

2

3

4

5

Normalised Rotation

Fig. VII.1 Moment-rotation curves of specimens from the less ductile batch
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Fig. VII.2 Comparisons between original and less ductile batch specimens

Department of Civil Engineering
Research Report No R832

51

Improving Rotation Capacities of Stiffened Welded Knee Joints between DuraGal C450 RHS

Appendix VIII

September 2003

Miscellaneous welding techniques

For all the specimens discussed previously, the weld runs started and ended at the corners
between the flanges and the webs of the rectangular hollow sections, as illustrated in Fig.
VIII.1(a). Some welding experts believe that such a procedure is undesirable, especially if
fracture is initiated in the weld metal rather than in the heat-affected-zone of the connected
member. It is suggested that the weld runs should continue round the corners (Wilkinson
1999), as illustrated in Fig. VII.1(b).

Weld run 1

Weld run 1

Weld run 2

Weld run 2

Weld run 4

Weld run 4

Weld run 3

Weld run 3

(a)

(b)

Fig. VIII.1 (a) Weld runs start and end at corners; (b) Weld runs continue round corners
(after Wilkinson 1999)
In order to investigate the possibility of improving the rotation capacity of a stiffened welded
knee joint between RHS members using the weld runs depicted in Fig. VIII.1(b), one such
150 × 50 × 4 specimen was fabricated and tested in the same manner as the other specimens
discussed in Section 9. It can be seen from Fig. VIII.2 that there is no significant
improvement in the rotation capacity of the specimen (designated “Mid weld start”) compared
with the specimen where the weld runs started and ended at the corners (designated “Normal
1P”).
Likewise, it was found that the specimen preheated to 200 oC (designated “Preheat 200C” in
Fig. VIII.2) did not have a greater rotation capacity than other specimens.
All the three specimens mentioned previously were welded with one pass only, as shown in
Fig. VIII.3 for “Normal 1P”. All the specimens discussed in Section 9 were also welded with
one pass. However, all the specimens discussed in Section 4 were welded with three passes.
Figure VIII.4 shows the three-pass fillet welds. It may be noted that among the 4-mm
specimens, the normal specimen welded with three passes (“Normal 3P”) appeared to have a
slightly different curve from those welded with one pass only, although the rotation capacity
remains the same.
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Fig. VIII.2 Moment-rotation curves of specimens welded using various techniques

Fig. VIII.3 One-pass fillet/butt weld

Fig. VIII.4 Three-pass fillet weld
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